Abstract. The finite element method (FEM) has the potential of simulating plasma waves seamlessly from the core to the vacuum and antenna regions. We explored the possibility of using a versatile FEM solver package, COMSOL, for lower hybrid (LH) wave simulation. Special care was paid to boundary conditions to satisfy toroidal symmetry. The non-trivial issue of introducing hot plasma effects was addressed by an iterative algorithm. These techniques are verified both analytically and numerically. In the lower hybrid (LH) grill antenna coupling problem, the FEM solver successfully reproduced the solution that was obtained analytically. Propagation of LH waves on the Alcator C and Alcator C-MOD plasmas was compared with a ray-tracing code, showing good consistency. The approach based on the FEM is computationally less intensive compared to spectral domain solvers, and more suitable for the simulation of larger device such as ITER.
INTRODUCTION
Full wave simulations of lower hybrid (LH) waves have been motivated by the hope of resolving issues associated with the use of ray-tracing techniques [1, 2] . More attention has been paid to the core region, where simulations based on the spectral domain solver has been preferred, because the response of hot plasma to the electric field is non-local in nature and the spectral representation of the field can be translated more directly to the uniform plasma theory. However, for the LH wave, the FEM can be a good choice, since the wave characteristic is well described by a cold plasma theory (and electron Landau damping) as far as the current drive of a conventional tokamak is concerned. The FEM approach has several advantages. First, while the spectral method produces numerically dense problem, the FEM tends to make the problem sparse, which is beneficial when simulating short wavelength waves such as the LH wave. In fact, previous applications of spectral domain solvers to LH waves were done on massive-parallel-processors [2] . Another advantage of the FEM is the flexibility of the model geometry. For example, the scrape of layer (SOL) and the ergodic region where the spectral representation is impossible can be modeled by the FEM approach.
Motivated by these prospects, we explored the possibility of using a versatile FEM package, COMSOL Multiphysics. Although the simulations shown are all LH waves in conventional tokamak plasmas, the techniques described can be used for different waves. 
"INFINITESIMALLY THIN" MODEL
Since the cold plasma has no spatial dispersion, it can be simulated as a spatially nonuniform anisotropic media, without changing the equations used in the RF module of COMSOL. Accordingly, the LH grill antenna with a stratified plasma can be modeled in a straight forward manner as shown in Fig. 1 . Two waves launched from the grill can be seen clearly. The wave traveling toward the right has a long wave length and is the main peak of antenna spectrum, and the other one traveling toward the left is the side lobe caused by the finite width of the grill wave guide. Please note that both antenna and plasma regions are calculated in a single simulation model.
Extending this model to a tokamak plasma requires special care on the periodic boundary condition, which can be explained intuitively as follows. Consider one waveguide section and the plasma in front of the waveguide as depicted by the dashed line on Fig. 1 . This region can be simulated alone, if an appropriate phase difference, which is determined by the antenna phasing, is added to the periodic boundary condition of the left and right sides of the extracted plasma region. This model corresponds to a grill antenna having an infinite number of columns, and its solution still contains multiple spectral peaks. Next, by making such a model extremely thin, the side lobes move towards very high n regime, where the wave is damped immediately by collisions. With the same technique, one can simulate the wave propagation on a poloidal cross section for a single toroidal mode number as shown in Fig. 3 .
In order to validate this technique, the solution of the LH grill coupling problem was compared with the known analytic solution [3] . Figure 2 shows that both the plasma surface impedance and the power reflection coefficient obtained by the simulations are in good agreement with the analytic solution in the wide range of n of interest.
SIMULATION RESULTS
The "infinitesimally thin" model has been applied to the simulation of LH waves in tokamak plasmas based on Alcator C and Alcator C-Mod. In those simulations, wave absorption by electron Landau damping (ELD) was also taken into account. The model- ing of non-local effects such as ELD is not trivial for FEM, and we employed an iterative algorithm in which the original integro-differential equation problem was split into two parts, namely solving Maxwell's equations and calculating the effective damping by ELD, and the self-consistent solution of the coupled problem was sought [4] . Figure 3 shows the result of an Alcator C plasma simulation. The plasma has a circular cross section and close fitting perfectly conducting walls. The major and minor radii are of 0.64m and of 0.17m, respectively. The density and temperature profiles are parabolic. The plasma dielectric consists of the cold plasma and the ELD of an isotropic Maxwellian plasma. Under this condition, the wave propagation is independent from the finite temperature effect. A single 6 cm height waveguide located on the low field side of the torus launches the microwave power at 4.6 GHz with a toroidal refractive index n tor of 2.5 to the plasma with a toroidal field of 8 T and central electron density of 5 × 10 19 m 3 . In Fig. 3 , three ray trajectories, launched from the top, middle, and bottom of the waveguide, are overlaid, showing good agreement with the wave electric field pattern.
Including the effect of fast electrons is important for realistic power absorption evaluation, and coupling of the FEM solver with Fokker Planck code is underway [5] . Comparison with the FEM solver and spectral domain code is also underway. Recently, a numerical issue of spectral domain solver was resolved, and comparison shows good agreement in the strong single pass absorption regime [6] .
SUMMARY
The new LH full wave simulation based on the FEM was developed and the seamless handling of plasma and vacuum regions was demonstrated. Toroidal symmetry was satisfied by using an "infinitesimally thin" plasma model, and the ELD was treated self-consistently through an iterative algorithm. The solutions of the LH grill coupling problem and the wave propagation problem of tokamak plasmas were successfully compared with the solutions obtained by different methods.
